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The research was aimqed at producing quantum wire superlattices with dimensions below l0nm by directly using molecular beam epitaxy. Two(2D) and three dimensional (3D) carrier confinement is achievable relativel easily when the confinement length scale is larger than 100 nm. This iE the dimensional range of the so called mesoseopic devices. All the technologies which permit this mesoscopic regime are based on lithograph (electrons or ions) processing which will be used for producing a depletion layer or a lateral band gap modulation wiht a strain field.
Unfortunately the interesting effects associated with the presence of a superlattice and quantization are not found until the structure dimensions are well below the 50nm range. There are presently few processing techniques which will permit reaching these dimensions.
Research Report: 1) Growth of quantum wire superlattices on vicinal surfaces:
The research was aimed at producing quantum wire superlattices with dimensions below 10nm by directly using molecular beam epitaxy. Two(2D) and three dimensional (3D) carrier confinement is achievable relatively easily when the confinement length scale is larger than 100nm. This is the dimensional range of the so called mesoscopic devices. All the technologies which permit this mesoscopic regime are based on lithography (electrons or ions) processing which will be used for producing a depletion layer or a lateral band gap modulation with a strain field. Unfortunately the interesting effects associated with the presence of a superlattice and quantization are not found until the structure dimensions are well below the 50nm range. There are presently few processing MW techniques which will permit reaching these dimensions. qpq The direct crystal growth of quantum wire superlattices is made possible through the growth of the so called "Tilted superlattices" M.. (TSL). These superlattices are similar to the usual quantum well D superlattices, however, the orientation of the quantum well with respect to the substrate surface as well as their thickness can be continuously changed during growth. The basic principle for this
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epitaxial growth method was developed and demonstrated 3 years ago during the course of this contract. It involves the alternate deposition of fractional submonolayers m and n (m,n <1) of two semiconductors (A)m-(B)n with different band gaps on a substrate comprising a well ordered array of steps. The ordered vicinal surface is made of monoatomic atomic steps with a periodic spacing L. L may be adjusted by choosing the substrate vicinal angle and the ordering of the steps by growth of a buffer layer in the step flow growth regime. The techniques developed for producing vicinal surfaces with ordered step arrays were part of this research contract and were based on the extensive analysis of RHEED patterns (see attached reprints).
The TSL growth method has been successfully demonstrated both by molecular beam epitaxy (MBE) for the GaAs-AIGaAs system. It has also been applied successfully to the GaSb-AISb system and with the appropriate growth conditions should be applicable to a wide variety of semiconductors or even metal or insulators systems (see attached papers).
In this contract, the growth method has successfully been used to demonstrate 2D quantum confinement by optical methods.
Control of the quantum wire dimensions and uniformity are prerequisites to achieving the most desirable properties of the 2D quantum confinement. The TSL growth requires an extremely fine control over the (A)m-(B)n fractional monolayers coverage. Indeed the vertical interface superlattice is only achieved for a coverage, p=m+n=l per deposition cycle. A 1% deviation in the flux deposition will produce a 300 change in the TSL orientation for a GaAs (100) vicinal surface with a 10 misorientation. This required accuracy (better than 1%) in the flux control is presently impossible to achieve in MBE as well as MOCVD over large substrate areas.
To relax these stringent growth requirements, we have introduced a novel superlattice, namely the Serpentine superlattice(SSL). In the SSL, a "uild ia 2D quantum wire confinement is present. As shown in the schematic in Figure 1 , the meandering interfaces of the quantum well as well as their thickness is varying along the substrate normal direction.~ This meandering of the quantum wells in the SSL is achieved by varying the per cycle coverage during deposition. One coverage cycle corresponds to the deposition of m monolayer of (AIAs)m or (AIGaAs)m followed by n monolayer of (GaAs)n with m and n<1. If the cycle coverage is repeated and kept constant during the growth, a TSL is obtained. However a linear variation in the per cycle coverage between two values PA and PB such that PA< 1 <PB as a function of distance along the growth direction, yields a superlattice of GaAs quantum wells with interfaces in the shape of parabola.
The parabola equation is given by: x= Ky 2 /2 (1) Where the axis x and y ar along the [110] and [001] directions respectively and K is the curvature. We note that the apex of the parabola correspond to the coverage p=m+n=l value and also corresponds to the point of maximum quantum well width W: W= nd/tga (2) with the spacing between steps along the [001] direction=2.68A for GaAs and a substrate vicinal angle a.
The curvature K of the parabola is directly related to the quantum confinement along the growth direction while the lateral confinement is determined by W. This curvature may be chosen at will since it is determined by the linear ramping rate of the per cycle coverage with
K=2[pB-1] /tga (3)
With this approach, one can afford to start ramping the per cycle coverage from PA-0. 9 to a value PB-i.1 and thus make certain that variations in the deposition flux (2-3%) over the wafer will still insure the presence of regions in the film which contain identical quantum wires.
One of the main characteristics of the quantum wire confinement is the photoluminescence (PL) linear polarization for the electric vector parallel or perpendicular to the wire axis. As a proof of the quantum wire superlattice existence over large wafer areas, we show in Figure 2 a plot of the polarization as a function of position for a quantum wire superlattice imbedded in the SSL structure shown in Figure3. The small variation in this ratio (2-3%) for this wafer is similar to that observed in the ground state energy measured by PL for a quantum well included in the same wafer as the SSL. These variations can be traced to perhaps temperature variations across the wafer or to the Al content in the barrier material. The important point is that this type of uniformity could not be achieved for quantum wires made using the TSL method which will show variations of 50% or more over the same distance.
The cross section transmission electron micrograph shown in Figure 3 for a double crescent serpentine superlattice shows the parabolic shaped quantum wells and barriers. The chemical contrast imaging mode used in this micrograph indicates that the programmed compositional variations between the Ga.sAI.5As barriers and the GaAs quantum well regions are not present in the structure. In fact, this micrograph indicates that some of the Al that was supposed to be present in the barrier region has been trapped during growth in the quantum well and quantum wire regions of the structure.
The photoluminescence studies of SSL quantum wire array for light with the electric vector component parallel and perpendicular to the wire axis are shown in Figure 4 . The observed optical anisotropy observed both in PL and in resonant excitation PL experiments is well understood theoretically as originating from the 2D confinement associated with the quantum wire superlattice. A careful comparison between theory and experiments further indicates that a sizable portion of the Al stays trapped in the GaAs wire regions of the structure. This poor segregation of the Al has been tentatively attributed to kinetics of growth for step flow mode which are different for the GaAs and the AlAs. A two temperatures deposition approach is being implemented to alleviate this problem. r'-"" .
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. Photon Energy (eV) Figure 4 : Polarized photoluminescence as a function of photon energy for a GaAs-AIGaAs SSL. The inset shows the geometry of the polarization experiment. Two test quantum wells also were included in the same sample. These show no polarization effects.
2)Focused Ion beam applications of the processing of mesoscopic structures.
We have continued our studies of the enhanced interdiffusion between Ga and Al in quantum well structures. Ga + ions produced by a focused ion beam(FIB) have been used. We have shown that the unexpectedly deep interdiffusion we have observed in QW structures is related to ion channeling. This phenomenon allows to produce a complete annealing of the ion induced damage, maximize the interdiffusion (80-100meV band gap changes are produced on a nanometer scale) and optimize the electronic properties of the material We have demonstrated that the FIB probe size(600A) is also preserved deep below the surface (2000A). This absence of ion straggling when channeling effects are used is very advantageous for producing quantum wires and boxes. We have made use of this effect for studying the magnetotransport through an antidot lattice in GaAs-AIGaAs heterostructures. A regular array of antidots with periodicities ranging from 200 to 500nm have been produced by FIB implantation of a 2 DEG located at the GaAs/AIGaAs interface. The low temperature magnetotransport measurement reveal a large negative magnetoresistance which we attribute to electron localization. Under illumination we observe mobility changes larger than 20 in the antidot lattice. We also observe implantation conditions which yield a zero depletion layer antidot structure.
Finally, we have implemented an all in situ processing procedure that allows the connection of the UHV FIB system with the MBE deposition systems and reactive ion etching chamber. We have started using the facility for processing several novel devices. We have fabricated the first reversed HEMT using focused ion beam. We have also demonstrated the first resonant tunneling devices with room temperature negative differential resistance equal to those of devices produced by direct MBE growth. We have also derionstrated the concept of buried stressors for the lateral band gap-modulation on a mesoscopic scale. This work will be pursued under the sponsorship of NSF for the next 5 years. It is becoming clear that the FIB in situ approach offers the possibility of producing discrete devices on wafers and will permit the integration of widely different types of devices on the same wafer. 
